The PKC1 gene in the yeast Saccharomyces cerevisiae encodes for protein kinase C which is known to control a MAP kinase cascade consisting of different kinases: Bck1, Mkk1 and Mkk2, and Mpk1. This cascade affects the cell wall integrity but the phenotype of pkc1∆ mutants suggests additional targets that have not yet been identified [1] . The pkc1∆ mutant, as opposed to other mutants in the MAP kinase cascade, displays defects in the control of carbon metabolism. One of them occurs in the derepression of SUC2 gene after exhaustion of glucose from the medium suggesting an involvement of Pkc1p in the derepression process that is not shared by the downstream MAP kinase cascade. In this work, we demonstrate that Pkc1p is required for the increase of the activity of enzymatic systems during derepression process. We observed that Pkc1p is involved in the derepression of invertase and alcohol dehydrogenase activities. On the other hand, it seems not to be necessary for the derepression of the enzymes of the GAL system. Our results suggest that Pkc1p is acting through the main glucose repression pathway since introduction of an additional mutation in the PKC1 gene in yeast strains already presenting mutations in the HXKII or MIG1 genes does not interfere with the typical derepressed phenotype observed in these single mutants. Moreover, our data indicate that Pkc1p participates in this process through the control of the cellular localization of the Mig1 transcriptional factor.
Introduction
The negative effect exerted by glucose on the transcription of different genes in Saccharomyces cerevisiae cells is one of the most studied signaling transduction pathways. Catabolic or glucose repression is a term that has been used to define such phenomenon. The principal components of this regulatory system are the transcriptional factor Mig1, the protein kinase Snf1, the protein phosphatase Glc7 and the sugar kinase HxkII [2] [3] [4] . Briefly, a complex formed by Mig1p that recruits for this proposal the co-repressor factors Ssn6 and Tup1 exerts the glucose repression. This complex is negatively controlled by Snf1 protein kinase since phosphorylation of Mig1p promotes its translocation from the nucleus to the cytoplasm relieving the repression when glucose concentration is low [5] [6] . For this process is also important the participation of the exportin Msn5p that recognizes the Mig1p phosphorylated form and facilitates its translocation to the cytoplasm [7] . On the other hand, when glucose concentration is high, the Snf1 activity is inhibited through the action of two main upstream regulators: the Glc7 phosphatase and the HxkII sugar kinase. Even though many details of this mechanism are already known, there are many aspects for which scarce information is available. The identity of the kinase that controls the Snf1 activity and the exact way through which the HxkII p is involved in the control of Snf1 activity are examples of details still unclear.
There are different classes of systems repressed by the presence of high glucose concentrations, but in spite of the existence of a general glucose-repression mechanism not all of systems are repressed in the same way. The following class can be cited: proteins involved in the utilization of alternative carbon sources (invertase; enzymes from the so-called galactose and maltose systems); essential proteins for respiration; high-affinity glucose carriers; and proteins involved in different types of stress [4] . These differences are related in many situations to the manner by which the repressor complex interacts with the target genes. Thus, in the case of the SUC2 gene (that encodes for the invertase) the repressor complex binds to the upstream repressive sequence (URS) at the promoter region. On the other hand, in the case of the GAL and MAL genes, Mig1 p also controls the expression of specific inducers (GAL 4 and MAL R). The same situation is observed in the control of respiratory genes where the transcription of Hap4 p, an important effector, is also repressed. By its turn, for gluconeogenic genes, such as FBP1 and PCK1, there is also the action of the Snf 1 complex directly on a specific transcriptional activator (Sip 4p) [2] .
By working with mutants of PKC MAP kinase signalling pathway, we demonstrated that Pkc1p is specifically involved in the glucose depression pathway and enzymes after glucose depletion [8] . Indeed, many other functions have been attributed to Pkc1p that are not shared by the downstream components of the PKC MAP kinase pathway [9-10].
Our data indicates that Pkc1p is necessary for the derepression of enzymatic systems related to the carbon metabolism in yeast. Moreover, we also found evidence for a connection between Pkc1p and the main repression pathway, since the introduction of pkc1∆ mutation in strains carrying deletions in HXKII or MIG1 genes does not change the derepressed status exhibited in strains with single mutations in these two genes. Furthermore, the results suggest that Pkc1p would participate in this process controlling the cellular localization of the Mig1 transcription factor.
Material and Methods

Strains and growth conditions
The Saccharomyces cerevisiae strains used in this study are shown in Table 1 .
Yeast cells were grown in medium containing peptone (2%, w/v) and yeast extract To test the cellular growth in solid media on different carbon sources, yeast cells were grown overnight on YPD plus sorbitol 1M. 3µl of cellular suspension with a OD at 600 nm of around 1.5 were inoculated on plates containing YP media supplemented with glucose, galactose, glycerol or ethanol with or without sorbitol 1M.
The plates were incubated at 28º C for 3-4 days.
Determination of enzyme activities
For determination of invertase and alcohol dehydrogenase activities cell extracts were obtained by adding 500 mg of glass beads (0.5 mm) and 500 µl of 50 mM imidazol buffer without sorbitol to the pellets. The cells were disrupted by vortexing with glass beads for 30 seconds three times with intervals in ice. Then, 1 ml of the buffer was added plus 2.5 µl 100 mM PMSF and the suspension was centrifuged for 3 min at 13000 rpm in a microcentrifuge and the supernatant used to measure the enzyme activities. Measurement of specific activity of invertase was performed as described [11] with the modifications [12] except that the assay was carried out at pH 5.1 and 37ºC. Alcohol dehydrogenase was measured by using the protocol described in [13] .
In the experiments performed to verify the expression of elements of the system GAL, strains containing a GAL1-lacZ fusion were grown as described before being transferred to the appropriate derepression medium (see legends of the figures). 
RNA isolation and Northern-blot analysis
For a shift from growth on glucose to growth on glycerol, yeast cells were grown in 20 ml YP glucose (4%, w/v) plus 1M sorbitol at 30ºC up to early exponential phase (DO 600nm = 0.8-1.2). Then the sample was split in two. 10 ml were washed quickly by centrifugation with 1M sorbitol and the cellular pellet used to RNA extraction (repressed state). The rest of the suspension was washed quickly by centrifugation with 1M sorbitol and the pellet resuspended in YP glycerol (3%, w/v) and glucose (0.05%) plus 1M sorbitol, rapidly mixed and incubated as before. After two hours, the sample was washed in the same way and the cellular pellet used for RNA extraction (derepressed state).
Isolation of total yeast RNA was performed by using the classical hot acid phenol method. 15 µg of total RNA was separated on 1% (w/v) agarose in 50 mM boric acid, 1mM sodium citrate, 5 mM NaOH, pH 7. 
Subcellular localization of Mig1 p by Western-blot and by analysis of GFP fluorescence
To study the subcellular localization of Mig1 p we used yeast cells transformed 
Reproducibility of results
All experiments of enzyme activities were performed at least three times and the results showed are mean of independent experiments.
Results
3.1.Invertase activity in the pkc1 ∆ mutants
It has been suggested [8] that the involvement of the Pkc1p in the derepression process be most probably exerted by an alternative pathway and not directly through the control of Snf1 activity. This conclusion was based in the results of the Snf1 activity measured in wild-type and in pkc1∆ mutant cells pre-grown on glucose up to the early-exponential phase or up to the mid-exponential phase. In wildtype and in pkc1∆ strains the enzyme activity increases when cells are transferred to derepression conditions (i.e. low glucose concentrations or non-fermentable carbon sources). These results suggest that the repressive phenotype observed in pkc1∆
strains cannot be related to a defect in the activation of Snf1p.
However, taking in account that Pkc1p is involved in other cellular process, we decided to investigate in more detail the derepression process by using cells presenting deletions in the MIG1 or HXK2 genes and in coresponding strains containing an additional mutation in the PKC1 gene. The derepression pattern observed in the respective single mutants, mig1∆ or hxkII ∆ was not modified by the introduction of a deletion mutation at PKC1 gene in such strains ( Fig. 1 -Panels A, B and C). However, it should also be observed that in glucose-grown cells the level of the invertase activity in the mutant mig1∆ is always lower than in mutant hxkII∆.
Moreover, when the mig1∆ mutant is transferred to a derepressing condition there is a clear and progressive increase of the enzyme activity. On the other hand, in the mutant hxkII∆ the invertase activity does not change when cells are transferred to derepressing conditions.
Together, these and previous results [8] seem to suggest that although Pkc1p
is not involved in the control of the Snf1 activity, it is in some way connected to the modulation of the activity of the main glucose repression pathway. [8] . Combining this information with the emerging idea of a possible connection between Pkc1p and the main glucose repression pathway, we decided to investigate the existence of other functional interactions. Crucial to this strategy was the fact that Mig1p seems to be also involved in the control of FKS2 gene expression [18] [19] .
Further functional interactions between of Mig1 p and Pkc1 p
The results presented in the Figure 2 (Panels A and B) indicates that inclusion of a mig1∆ mutation, but not of hxk2∆ mutation, recovered the capacity of pkc1∆ mutants to grow without sorbitol even if glucose or galactose are the carbon sources.
The results shown in Figure 3 (Panels A and B), beyond to demonstrate a special difficulty of pkc1∆ mutants to grow on non-fermentable carbon sources, also strengthen the idea of a special relationship between Pkc1 p and Mig1 p.
Since FKS2 expression is increased under glucose derepression, we decided to check its expression in strains containing mutations in PKC1 and/or MIG1 genes.
As it can be seen in Figure 4 , the expression of FKS2 gene in a bck1∆ mutant is not affected suggesting that it this independent of this MAP Kinase pathway (lanes 1 and 2). However, in a pkc1∆ mutant its expression is barely detected under both repressive (lane 3) and derepressive (lane 4) conditions. In the mig1∆ mutant, the expression is clearly present in both cases (lanes 5 and 6) confirming that its expression is under the control of Mig1p as described previously [18] . Beyond that, in the pkc1∆ mig1∆ mutant the level of expression of FKS2 gene (lanes 7 and 8) is completely different from that observed in the pkc1∆ being more similar to those observed in mig1∆ mutant. Together, these results indicate the existence of a functional relationship between Pkc1p and Mig1p.
Derepression of other enzyme activities in pkc1∆ mutants
With the possible involvement of Pkc1p in the glucose-repression mechanism,
we investigated whether other enzymes regulated by glucose repression would be affected by Pkc1p activity. The results presented in the Figure 5 show that Pkc1 p is also necessary for derepression of alcohol dehydrogenase activity (Panel A).
Moreover, our results also demonstrated that the introduction of a pkc1 ∆ mutation in strains with supplementary mutations in the MIG1 or HXK2 genes only interfere with the derepression pattern observed in the mig1 ∆, but not in the hxk2 ∆ single mutants (Panels B and C). Curiously, the proposed mechanism for the control of ADH2 gene expression does not seem to involve the main glucose repression pathway. It seems that only Snf1 activity is in some way required for the derepression process [2] . By its turn, the expression of GAL1 gene probably is under the control of the main glucose repression pathway. However, the results shown in Figure 6 demonstrated that the expression of GAL1 gene in wild-type and pkc1∆ strains followed the same pattern indicating that in this system Pkc1p is not required for an appropriated derepression process.
Possible mechanisms of control of Mig1 p
Mig1p is located in the nucleus in conditions of high glucose and conversely when cells are transferred to low glucose, Mig1p becomes phosphorylated and translocates to the cytoplasm [5] . Evidence exists linking Pkc1p in the control of the cellular localization of transcriptional factors in both yeast [10] and animal [20] cells.
Therefore, we decided to study the mechanism by which Pkc1p could be involved in the regulation of the cellular localization of Mig1p. In addition, a data base [21] search indicated eight potential protein kinase C phosphorylation sites in Mig1p.
The results presented in Figure 7 (Panel A) show that Mig1 p from pkc∆ mutant is in the insoluble fraction and most likely nuclear and there appears to be no difference in Mig1 p mobility between repressed and derepressed cells. However, the fact that Mig1p is not detected in the lysate supernatant but only in the pellet does not prove that it is being retained in the nucleus. It could be argued that it is just forming for instance inclusion bodies and is therefore insoluble.
Therefore, to clarify the situation we introduced in wild-type and pkc1∆ strains a plasmid containing the transport domain of Mig1 p fused with the GFP gene. As can be observed in Figure 7 It is known that Mig1p participates in the control of FKS2 gene expression in derepressing conditions [18] [19] . As shown here, only strains presenting combined mutations in the PKC1 and MIG1 genes reversed the phenotype exhibited by pkc1∆ mutants, indicating that there is a specific and functional interaction between Pkc1p and Mig1p (Figures 2 and 3) . Since a mig1∆ mutant displayed a nine-fold increase in FKS2 gene expression compared with the congenic wild type strain [18] , a plausible hypothesis would be that Mig1p function is controlled (in part) by Pkc1p.
A contradiction emerges on comparison of invertase activity ( Figure 1 ) and growth in different carbon sources (Figures 2 and 3) . Care is required in the interpretation of such data. Firstly, there is already strong evidence pointing to the direct involvement of HxkIIp in the regulation of glucose repression of SUC2, as, HxkIIp can be found in the nucleus [23] , where it participates in regulatory DNA-protein complexes necessary for glucose repression [24] . Secondly, it was shown that Mig1p
but not HxkIIp is involved in the control of FKS2 expression [18] , suggesting a specific interaction of Pkc1p in the main glucose repression pathway that is likely to be downstream of Snf1p.
Thus, in terms of glucose repression, it is expected that the phenotypes of both pkc1∆ hxkII∆ or pkc1∆ mig1∆ mutants would be the same as the one exhibited by the single mutants (hxkII∆ or mig1∆). HxkIIp exerts a more prominent role, most probably because it interacts with and inhibits Snf1p [25] and also through its participation in DNA-protein complexes controlling SUC2 expression [23, 24] . This indicates why invertase activity is higher in hxkII∆ cells than in mig1∆ cells when grown on glucose.
However, in the control of the FKS2 gene expression (Figure 4 ), Pkc1p would exert its effects by regulating the action of the Mig1 transcriptional factor. In this sense, our results offer an explanation for the fact that even in presence of sorbitol pkc1∆ is harder to grow than other strains containing mutations in the genes encoding downstream kinases of the PKC MAP Kinase pathway. Indeed, they also corroborate the findings that multiple mechanisms are involved in the control of FKS2 gene expression, whilst until now none indicated a role for HxkIIp [18] .
Moreover, it should be added that Pkc1p also seems to be involved in the control of other genes which encode for key proteins (17) Pkc1p could phosphorylate Mig1p since that there are potentially eight protein kinase C phosphorylation sites in Mig1p [21] . This phosphorylation could trigger and/or facilitate the translocation of Mig1p. On the other hand, Pkc1p could be involved in the regulation of translocation factors that are required to export Mig1p from nucleus to the cytoplasm. We are currently investigating these possibilities.
However, the involvement of Pkc1p in the derepression of glucose-controlled systems seems to be still more complex. For instance, the genes that encode enzymes involved in galactose metabolism are glucose repressed indicating that the main glucose pathway has an important role [26] . According the current model, in the presence of glucose, Mig1p blocks the expression of genes such as GAL4 and the regulator Gal80p binds to Gal4p preventing the transcriptional activation of genes that encode enzymes for galactose metabolism. On the other hand, in the presence of galactose, Gal3p impairs the binding of the Gal80p inhibitor to Gal4p, Gal4p can then be phosphorylated and activate GAL transcription. In the pkc1∆ mutant, and in the presence of an effector molecule, Mig1p may play either a secondary role to Pkc1p
and/or a glucose repression-independent mechanism may operate to activate GAL transcription.
Moreover, and to add more complexity to the involvement of Pkc1p in the control of glucose-repressed enzymes, the increase in alcohol dehydrogenase activity when yeast cells are transferred from glucose to ethanol seems to be dependent on Pkc1p. Interestingly, Mig1p has not been described as being involved in the control of ADH2 gene transcription. Indeed, the introduction of a pkc1∆ mutation in a mig1∆ strain blocked the increase in the alcohol dehydrogenase activity suggesting an alternative mechanism by which Pkc1p participates in the derepression process. It is known that Adr1p, a transcriptional factor that acts at an upstream activating sequence (UAS) on the ADH2 and GUT1 (encoding glycerol kinase, an essential enzyme in glycerol metabolism) promoters, has a positive effect when the glucose levels are low [2] [3] [4] 27] . Thus, since the pkc1∆ mutant grows poorly on ethanol or glycerol carbon sources, it is possible that Pkc1p could regulate the cellular localization of Adr1.
However, more experiments are required to clarify this complex mechanism. The enzyme activity was measured before and at indicated times after the transfer of cells to a non-repressive condition. Strains: W303-1A, ; pkc1∆ mutant, τ; mig1∆ mutant, υ; mig1∆ pkc1∆ mutant, λ; hxk2∆ mutant, ; hxk2∆ pkc1∆ mutant, ∇. 
